Abstract:
INTRODUCTION
Human embryonic Stem Cells (hESCs) self-renew and can differentiate into all cells constituting the human body [1, 2] . Owing to these properties, hESCs can be used to study development and disease and further to regenerate and restore functionality of damaged or malfunctioning tissues and organs. After successful derivation and culture of hESCs lines in the late 90's [1] , the interest for pluripotent stem cells has grown exponentially, culminating in the derivation of human induced pluripotent stem cells (iPSCs) via reprogramming of somatic cells in 2006 [3, 4] . The ability to maintain the stemness properties of pluripotent stem cells during long-term culture, and yet induce differentiation into multiple lineages, is a prerequisite for disease modelling, drug screening and therapeutic cell replacements [5, 6] . However, substantial advances in cell manufacturing technologies are required before hESCs can be employed for the treatment of human medical conditions. Development of simple culture procedures, cost-effectiveness, phenotypic stability under defined xeno-free culture conditions, and compliance with Good Manufacturing Practice (GMP) are some of the issues that must be addressed. Traditionally, hESCs were cultured on mouse embryonic fibroblast (mEF) feeder layers in serum containing media [1] . However, due to concerns on mouse-human transfer of viruses [7] and immunogenic epitopes, such as N-glycolylneuraminic acid (Neu5Gc) non-human sialic acid [8] , a variety of human tissues have been tested in order to find suitable feeder layer replacements [9] . For instance, human foreskin fibroblasts have been used to isolate xeno-free and clinical-grade hESC lines [10] . However, batch-to-batch variability of isolated feeder cells still remains a concern for the consistent large-scale manufacturing of hESCs [11] . As an alternative to feeder cells, the ability of extracellular matrix (ECM) components to support hESC attachment and proliferation has been evaluated, such as Matrigel TM [12, 13] , Geltrex ® [14] , fibronectin, laminin, entactin, and vitronectin [7, 15, 16] . Unfortunately, these substrates are expensive, require cold storage and preparation prior to cell culture, lose their biological properties when dehydrated, and do not meet the requirements for clinical translation.
We have previously reported the derivation of hESCs capable to attach and grow directly on regular plastic culture dishes without the need for feeder cells or other supportive substrate materials. These cells, denoted matrix-free growth adapted hESCs (MFG-hESCs), highly resemble feeder-cultured hESCs in morphology, expression of pluripotency markers, ability to differentiate into tissues of all three germ layers and form teratoma in vivo while retaining a normal karyotype [17, 18] .
However, no knowledge exists on the molecular changes that are responsible for the unique ability of MFG-hESCs to attach and grow on regular plastic culture dishes in their undifferentiated state. Therefore, in this study, we have further characterized and compared MFG-hESCs with feeder-cultured hESCs with the aim to unveil the mechanisms underlying the MFG-hESCs properties. MFG-hESCs and feeder-cultured hESCs were expanded in their respective culture conditions, and subjected to microarray analysis to compare their gene expression profile and identify differentially expressed genes that could account for the phenotypic characteristics of MFG-hESCs. Real-time PCR, flow cytometry, and functional assays were used to verify the microarray findings.
MATERIALS AND METHODS

Establishment and Culture of hESCs
Three undifferentiated hESCs lines were used as a control and compared to two feeder-free MFG-hESC lines. The undifferentiated feeder-cultured hESC lines (SA167 at passage 30, SA461 at passage 50, and SA002 at passage 34) used in this study were derived and characterized at Cellartis AB (Gothenburg, Sweden) [19 -21] . Detailed protocols are available at www.cellartis.com. The undifferentiated MFG-hESC lines (SA167MFG at passage 14 and AS034.1MFG at passage 53) used in this study were derived and characterized in our laboratory as previously described [17] .
Feeder-Free Culture of hESCs
We recently reported the derivation of two feeder-and matrix-free hESC lines [17] . In brief, cultured hESC lines were transferred from mEF layers to Matrigel TM (Matrix Thin Layer; Becton Dickinson, Bedford, MA, USA) [20] , and subsequently adapted to adhere and grow on regular plastic culture dishes by treating the cells with neonatal chondrocyte (NC)-conditioned hESC [17] . Thereafter, the MFG-hESC lines were cultured directly on plastic surfaces without any supportive coating in the presence of fibroblast-conditioned hES medium [17] , composed of KnockOut TM Dulbecco Modified Eagle Medium (KO-DMEM; Gibco-BRL/Invitrogen, Gaithersburg, MD, USA) containing 20% KnockOut TM serum replacement (KO-SR; Gibco-BRL/Invitrogen), 2 mM L-Glutamine (Gibco-BRL/Invitrogen), 0.1 mM β-mercaptoethanol (Gibco-BRL/Invitrogen) and 1% nonessential amino acids (NEAA; Gibco-BRL/Invitrogen) on Primaria ® dishes (Becton Dickinson, Franklin Lakes, USA). Cells were cultured in a humidified atmosphere at 37°C and 5% CO 2 (Heraeus BBD6220). The medium was changed every two days.
RNA Isolation
For RNA isolation, the hESC lines SA167, SA461 and SA002 were mechanically dissociated using a "Stem Cell Tool" (Swemed Lab International AB, Billdal, Sweden), while MFG-hESC lines SA167MFG and AS034.1MFG were dissociated using collagenase (Sigma-Aldrich). Total RNA was extracted using the RNeasy ® Minikit (QIAGEN GmbH, Hilden, Germany) according to the manufacturer's instructions. DNAse treatment was performed in order to eliminate any contamination from genomic DNA according to Qiagen RNase Free DNase Set (QIAGEN GmbH) protocol.
Microarray Analysis
Global gene expression analysis was conducted using the Affymetrix oligonucleotide microarray HG-U133plus2.0 (Affymetrix, Santa Clara, CA) according to the manufacturer's recommendations. Briefly, 2 µg of the total RNA were used to synthesize biotin-labeled cRNA. Ten µg of fragmented cRNA were then hybridized to GeneChips for 16 h at 45°C. Washing, staining and scanning of the microarrays were performed using the Affymetrix GeneChip equipment. Raw expression data were normalized and subsequently analyzed with the GeneChip Operating Software 1.4 (GCOS, Affymetrix). Comparative and statistical analyses were performed with the BIORETIS web tool (http://www.bioretis-analysis.de). Only genes were selected for further analysis if more than 80% of the single comparisons per group comparison were detected as significantly changed by the GCOS, and the genes displayed a mean fold change (FC) ≥3. Functional classification was conducted with annotations from the Gene Ontology Annotation Database (GOA). The expression of 40 genes specifically expressed in hESCs, 30 genes under-expressed in hESCs compared to differentiated cell types, and 48 genes over-expressed in hESCs compared to differentiated cell types was investigated. Expression differences were given as FC. The significance level was determined by applying the Welch's t-test on log2-transformed signal values. To visualize the similarity in global gene expression across the investigated samples, scatter plots were generated between average signals of pairs of samples using the standard function in R.
Analysis of Protein Interaction Network
To investigate the possible interactions among proteins from differentially regulated genes (defined by having a mean FC≥3) between MFG-hESC and hESC lines, the search tool STRING was used to mine for recurring instances of neighbouring genes. STRING aims to collect, predict, and unify various types of protein-protein associations, including direct (physical) and indirect (functional) associations. A gene of interest was classified as a hub if it had ≥5 interactions with other genes [22] . As a default, STRING uses four different sources (genomic context, high-throughput experiments, coexpression, and previous knowledge) to derive protein interaction maps. However, in order to increase the validity of the study, only experimentally determined protein interactions were included in the analysis.
Real-time PCR
Real-time PCR was used to verify the results obtained from the microarray analysis for the expression of NANOG, OCT4, TDGF1, SOX2, GAL, IGFBP7, COL5A2 and COL11A1. Primers for these genes were designed using the Primer3 web-based software. Design parameters were adjusted to minimize the formation of artifact products and to be able to use an annealing temperature of 60°C. Primers were designed to yield short amplicons (preferably shorter than 200 bp) and to function well with SYBR Green I fluorescent dye for detection of the PCR products in real-time. Assays and detailed protocols are available from TATAA Biocenter AB (Göteborg, Sweden; http://www.tataa.com). Real-time PCR was performed in duplicates using the Mastercycler ep realplex (Eppendorf, Hamburg, Germany). Cycling conditions were 95°C for 10 min followed by 45 cycles of 95°C for 20 s, 60°C for 20 s, and 72°C for 20 s. The fluorescence was read at the end of the 72°C step. Melting curves were recorded after the run by stepwise temperature increase (1°C/5s) from 65-95°C. Quantities of target genes were presented as normalized to the number of cells using the expression of the 18S ribosomal subunit. Normalized relative quantities were calculated using the delta Cq method and 90% PCR efficiency (k*1.9 ∆cq ). Statistical analysis was performed using the Mann-Whitney test. P-values <0.05 (*) were considered statistically significant differences.
Flow Cytometry Analysis
Flow cytometry was used to verify the microarray results obtained for the expression of ITGB3, ITGB6, CD58, CD47, and CD44. Briefly, cells were resuspended in 100 µl of PBS (0,1% bovine serum albumin; Sigma-Aldrich), stained with primary antibodies (all from R&D Systems, Abingdon, UK), and incubated in the dark at room temperature for 15 min. For all analysis, cells were detached using trypsin, washed twice with PBS, and then treated with the proper fluorochrome-labeled antibodies. After incubation for 15 min at room temperature in the dark, samples were analyzed by flow cytometry within 1 h. All samples were analyzed using the FACS Aria flow cytometer equipped with the FACS Diva software. A 488 nm argon ion laser was used to excite samples, with emission being measured using appropriate bandpass filters. A threshold was set on the scattered light to exclude events associated with debris and cell aggregates. As a negative control, isotype-specific antibodies conjugated to the fluorochromes were used in order to exclude events associated with non-specific fluorescence. Cells displaying fluorescence higher than 99% of the cells stained with isotype antibodies were considered positively stained.
RGD peptide Cultures
To functionally demonstrate the role of adhesion molecules on the MFG-hESCs ability to grow on regular plastic culture dishes, cells were detached to single cell suspensions using trypsin, and cultured with conditioned hESC medium (described above) containing 500 µg/ml of RGD peptide (Sigma-Aldrich, Stockholm, Sweden). Conditioned hESC medium (described above) containing 500 µg/ml of RGES peptide (Sigma-Aldrich) was used as a control. The cells were incubated in a humidified atmosphere at 37°C and 5% CO 2 (Heraeus BBD6220). The number of attached cells was counted manually in both culture conditions using a contrast microscope (Nikon, Japan) 24 h after seeding. Statistical analysis was performed using the Mann-Whitney test. P-values <0.05 (*) were considered statistically significant differences.
RESULTS
Following expansion on regular plastic culture dishes, MFG-hESCs look morphologically equivalent to hESCs cultured on mEFs ( Fig. 1).   Fig. (1) . Morphology of hESCs (SA167) cultured on mouse feeder cells and SA167MFG cultured on tissue culture plastic. Abbreviations: hESCs, human embryonic stem cells; MFG-hESCs, matrix-free growth adapted human embryonic stem cells.
Global gene expression comparison shows a significantly higher expression of several RDG-associated genes in MFG-hESCs
Global analysis of microarray data demonstrates that MFG-hESCs and hESCs display a similar gene expression profile, with 74% of the genes exhibiting a FC≤3 (Fig. 2a) and a Pearson correlation coefficient of 0.94. Protein-protein interaction analysis of differentially expressed genes (FC ≥3) identifies 11 hub genes with increased expression in MFG-hESCs compared to hESCs, including the ribosomal genes RPLP2, RPL38, RPL37A, RPL27A, RPS11, RPS15, IF2, nPL14 and EIF3S5, and two genes belonging to the family of integrins, such as ITGB5 and CAV1 (Fig. 2b) . For genes with a decreased expression in MFG-hESCs, five clusters are identified, of which one contains the NUP133 and NUP100 genes and the other the JUN, MXI2, NS1, FUS, DHX9, HNRPU, HNRPH1, SF3B1, PRPF6, and SFRS11 hub genes (Fig. 2c) . Fig. (2) . Scatter plot (a) where genes within the red lines indicate a FC of less than ±3 and blue dots indicate genes characteristic of feeder-cultured hESCs (also shown in Table 1 and MFG-hESCs. Hub protein network of genes overexpressed (b) and underexpressed (c) in MFG-hESCs compared to feeder-cultured hESCs with a FC ≥3. Proteins are identified as hubs if they have at least five experimentally determined protein interactions among the products of the up-regulated genes. Red circle = hub protein.
Abbreviations: FC, fold change; hESCs, human embryonic stem cells; MFG-hESCs, matrix-free growth adapted human embryonic stem cells.
Genes specifically expressed in hESCs, including NANOG, OCT4, and TDGF1 display a similar level of expression in both MFG-hESCs and hESCs (Table 1a) . RBM14 is the only gene differentially regulated, showing significantly lower expression in MFG-hESCs compared to hESCs. When studying the genes that are known for their low expression in hESCs compared to differentiated cells, only 5 out of 30 genes appear to be differentially regulated, with a higher expression in MFG-hESCs. These genes include BMP4, COL11A1, COL5A2, COL6A3, and IGFBP7 (Table 1b) . When analyzing genes overexpressed in hESCs compared to differentiated cells, the results show that 4 out of 47 genes are differentially expressed in MFG-hESCs and hESCs, such as PHF17, PSIP1, SNRPN, and USP9X, which all display an FC<4 ( Table 1c ). The most differentially expressed genes comparing MFG-hESCs and hESCs are also investigated and summarized in Table 2 . Due to protein-protein interaction analysis which has revealed that several of the hub genes identified encode for RGD-associated proteins, a specific search for the expression of differentially regulated RDG-associated genes was performed. Among these, 11 genes show a significantly higher expression in MFG-hESCs compared to hESCs ( Table  3) . Identified markers belonging to this family of genes with the largest differential expression are ITGB6 and OPN, displaying respectively an FC of 19 and 54. 
Real-Time PCR Shows High Expression of Pluripotency-Associated Genes in MFG-hESCs
Real-time PCR was used to confirm the expression of some of the genes specifically expressed in hESCs, or underand over-expressed in hESC compared to differentiated cells, such as NANOG, OCT4, TDGF1, GAL, SOX2, IGFBP7, COL5A2, and COL11A1. The results in Fig. (3) show that the pluripotency-associated NANOG, OCT4, TDGF1, and SOX2 genes are more highly expressed in MFG-hESCs than in hESCs. No significant differences are observed when comparing the expression of the other investigated genes.
Flow cytometry analysis shows high expression of the integrins and the cell adhesion markers in MFGhESCs
The increased expression of surface adhesion molecules in MGF-hESCs compared to hESCs was verified by flow cytometry. The results confirm that MGF-hESCs display higher expression of the integrins ITGB3 and ITGB6, and the cell adhesion markers CD58, CD47, and CD44 compared to hESCs (Fig. 4) . Fig. (3) . Verification of microarray results using quantitative real-time PCR analysis for NANOG, OCT4, TDGF1, SOX2, GAL, IGFB7, COL5A2, and COL11A1 expression in feeder-cultured hESCs and MFG-hESCs. Data represent averages ± SD (* indicates P < 0.05). Abbreviations: hESCs, human embryonic stem cells; MFG-hESCs, matrix-free growth adapted human embryonic stem cells. Fig. (4) . Flow cytometry analysis of ITGB3, CD58, ITGB6, CD47, and CD44 for feeder-cultured hESCs and MFG-hESCs. Abbreviations: hESCs, human embryonic stem cells; MFG-hESCs, matrix-free growth adapted human embryonic stem cells.
Higher expression of Integrins is Responsible for the MFG-hESCs Ability to Adhere and Grow on Regular Plastic Culture Dishes
In order to determine whether the higher expression of integrins on the MFG-hESCs was responsible for the ability of these cells to attach and grow on regular plastic culture dishes, the cells were cultured in the presence of RGD or RGES peptides. The results in Fig. (5) show significantly less cell attachment when MFG-hESCs are cultured in the presence of the RGD peptides compared to the RGES peptide, with approximately 65% less cell attached in the presence of RGD peptides. 
4.DISCUSSION
Stem cells have generated great enthusiasm over the last decades in relation to their potential in basic and applied research, and in the clinics. Under proper culture conditions, hESCs can be expanded to large numbers and still retain the potential to differentiate into tissues of all three germ layers [23 -26] . However, despite recent improvements in culture conditions [7, 12] the expensive, labor-intensive and inconsistent in vitro expansion still constitute an obstacle for the bulk production of pluripotent stem cells, and MFG-hESCs could represent a suitable alternative for both research and translational applications.
To understand the mechanisms behind the unique ability of MFG-hESCs to adhere and grow in feeder-and matrixfree conditions, in this study we performed a global gene expression analysis of these cells, and compared the results with those generated from feeder-cultured hESCs. Interestingly, the majority of genes specifically expressed in undifferentiated hESCs [27] were also expressed in MFG-hESCs, with a corresponding level of expression in the two cell types. Real-time PCR data revealed that MFG-hESCs display an increased expression of genes involved in the establishment and maintenance of pluripotency compared to the feeder-cultured hESCs, such as NANOG, OCT4, and the transcription factor SOX2, which is known to form a complex with OCT4 and to bind to the NANOG promoter [28, 29] . These results are in accordance with previous results reported by our group, showing that MFG-hESCs grow as colonies with a morphology equivalent to cells cultured on Matrigel TM , express the pluripotency markers OCT4, SSEA3, SSEA4, TRA-1-60, TRA-1-81, and SSEA1, differentiate into derivatives of all three germ layers in vitro and in vivo, and maintain a normal karyotype [17, 18] .
Likewise, the majority of the genes overexpressed in undifferentiated hESCs compared to differentiated cells were found to be similarly expressed in both cell types investigated, demonstrating that the derivation process of MFGhESCs does not induce molecular changes toward a differentiated cell phenotype [27] . Identified hub genes induced upon MFG-hESC derivation, include several genes encoding for ribosomal proteins, such as RPLP2, RPL38, RPL37A, RPL27A, and RPS11, as well as the translation initiator IF2. Another ribosomal gene significantly upregulated in MFGhESCs was MRPS15, encoding for the mitochondrial ribosomal protein S15. High expression of ribosomal genes have been reported in tissues containing a high percentage of proliferating cells [30, 31] Richards et al. previously demonstrated a significant increase in the expression of ribosomal genes in hESCs compared to cells from adult tissues [31] , which is indicative of the high proliferation rate of pluripotent stem cells. The higher expression of these genes in MFG-hESCs reflects their high proliferation ability, which is beneficial for the large-scale manufacturing for experimental and translational applications. The active proliferation state of hESCs is also associated with an increased expression of genes involved in mRNA processing and RNA transport from the nucleus [32] . We found that while MFG-hESCs displayed higher expression of the mRNA processor genes RBM16, PSIP1, and SNRPN, feeder-cultured hESCs displayed higher expression of the hub genes HNRNPH1, HNRNPU, SFRS11, SF3B1, PRPF6, DHX9, NUP133, and NUP100, which are recognized to play a role in pre-mRNA processing and other aspects of mRNA metabolism and transport [33 -37] . Taken together, the data revealed that both MFG-hESCs and feeder-cultured hESCs highly express several genes involved in cellular processes such as chromatin remodelling, gene transcription, RNA processing and export, as well as protein synthesis [38] .
Other genes showing higher expression in hESCs than MFG-hESCs were FRS2, Mxi2, BMK1, SYD1, FOS, FOSB, GOS3, JUN, JUND, and EWSR1, which are involved in hESC proliferation, survival and cancerogenesis [39 -41] . As opposite, MFG-hESCs displayed increased expression of several tumor suppressor genes, including CAV1 and its accessory protein CAV2, and TMEFF2, whose downregulation is associated with oncogenic cell transformation, tumorigenesis and metastasis [42, 43] . Moreover, MFG-hESCs displayed a significantly higher expression of FANCB compared to hESCs, which is involved in DNA repair during replication [44] , suggesting that MFG-hESC display a rigid control of the cell cycle, a characteristic that could facilitate future clinical applications of these cells. Most cells derived from solid tissues are adherent. Tissue culture polystyrene supports cell attachment and growth following deposition of serum proteins, such as fibronectin and vitronectin to the plastic surface [45] . It is established that the strength of cell attachment is proportional to the amount of deposited proteins [46] , and the number of bindings between the cell and the material surface [47] . After deposition, the protein layer functions as a primary ECM-like scaffold for the cells to attach. Different cell types display different ability to attach to regular plastic culture dishes, but no successful culturing of pluripotent stem cells in similar conditions has been reported to date. As opposite, we recently demonstrated that MFG-hESCs attach and grow on regular plastic culture dishes [17] . The results of this study show that MFG-hESCs display a significantly increased expression of genes encoding for integrins, RGD-binding proteins and other adhesion molecules. The high expression of integrins observed on undifferentiated MFG-hESCs in contrast to feeder-cultured hESCs, prompted us to study the importance of these proteins as a possible explanation for the attachment and growth of MFG-hESCs. Functional assays confirmed our assumption, resulting in decreased cell attachment as evidenced by a 65% loss in cell attachment in presence of RGD peptides.
Integrins are a large family of cell adhesion receptor proteins that interact with fibronectin and other ECM proteins, provide transmembrane links between the ECM and the cytoskeleton and play a crucial role in the regulation of cell adhesion, survival and proliferation [48 -52] . Therefore, the significantly increased expression of ITGB1, ITGB3, ITGB5, ITGB6, and FN1, and other adhesion markers and ECM proteins including CD44, CD47, and CD58 likely play an important role in the unique ability of MFG-hESCS to firmly attach to regular plastic culture dishes. In addition, microarray data revealed that MFG-hESCs display increased expression of the COL4A3 gene, encoding for a major structural protein of basement membranes, which is highly present in Matrigel TM and recognized to enhance the attachment and growth of several different cell types [53] . Again, the increased expression of COL4A3 may play a major role in the adhesion properties of these cells. It remains to be seen whether the controlled up-regulation of these genes, or a combination thereof, in pluripotent stem cells (both hESCs and hiPSCs) results in the ability of these cells to grow on regular plastic culture dishes and yet maintain an undifferentiated phenotype.
A similar technology would allow the generation and mass production of next-generation pluripotent stem cell lines for basic and translational research, in a reproducible, GMP-compliant and economically affordable fashion. Moreover, the feeder-and matrix-free properties of MFG-hESCs present the opportunity to design long-term differentiation studies in a monolayer culture system, which has not been possible due to loss of feeder or degradation of coating material over time.
CONCLUSION
Eliminating the need for feeder cells and coating products improves the purity of pluripotent stem cell culture and simplifies the culture procedures, thus allowing the manufacturing of cells for basic and translational research, in a reproducible, GMP-compliant and economically affordable fashion. The unique ability to attach and grow on regular
